The performance of alkali heat pipe greatly depends on the properties of the wick material. In the present work, an experimental investigation is conducted to study the performance of high temperature sodium heat pipe with annular and composite wick structures. The operating limits of the heat pipe for these wick structures are evaluated and the effective working region of the heat pipe is identified. The experiments are conducted for annular and composite wick, different heat inputs, fill ratio and orientation. The results showed that the composite wick heat pipe is performing better in terms of its lower thermal resistance. The sodium heat pipe showed better heat transfer characteristics at a fill ratio of 40% and at an orientation of 30°.
INTRODUCTION
Heat pipes are the passive cooling devices used for both low and high temperature applications. Liquid-metal heat pipes are considered for thermal energy transport in many high temperature, high power density space and terrestrial power systems. Alkali metals are commonly used as the working fluid with refractory metals. This is partly because of the low solubility and dissolution rate of the metal. High temperature heat pipes are being used in energy conversion applications such as fuel cells, gas turbine re-combustors and Stirling cycle heat sources. With the technology development in space nuclear power, additional applications include nuclear reactor heat removal elements and radiator elements. Sodium being one of the important alkali metals, it can be used as the working fluid in a nuclear heat pipe.
Several experimental and numerical works have been reported in the literature related to sodium heat pipe. Deverall et al. (1975) studied sodium heat pipes operating in the gravity-assist mode. They considered the sodium heat pipe incorporated into irradiation capsules to provide a means for establishing and controlling a desired specimen temperature. Ivanovskii et al. (1976) investigated the evaporation process and sonic limit in sodium heat pipes. Ivanovskii et al. (1980) examined problems in building vertical high-temperature heat pipe with simple and composite wicks. Faghri (1990) studied the transient and start-up behavior of sodium heat pipe and energy storage module. Amir Faghri and Cao (1991) tested sodium heat pipe with multiple heat source and sinks for a heat input of 850 W and concluded that the startup behavior of the heat pipe greatly depends on the heat removal at the condenser section and hence condenser is cooled using water calorimeter. Large heat losses were observed between the source and the heat pipe which led to miscalculation of the heat transfer. Adkins et al. (1999) developed sodium heat pipe for solar energy collector. The purpose of the heat pipes is to transport high thermal energy from the solar collectors to energy conversion system to generate power. Their experiments showed the degradation of the heat pipe performance due to corrosion of wick material but it was also stated that with metal sintered wick, this problem can be overcome and the heat pipe can work for long duration. The work was focused on the cleaning methods of the wick and the pipe to avoid corrosion during usage. The system for handling alkali metals for the production of flight qualified heat pipe module was developed by Patrick et al. (1999) which emphasized on maintaining the purity of the liquid metals during the development of the heat pipe. The processing approach used to introduce pure alkali metal into the heat pipe modules was presented. Reid et al. (2000) developed sodium heat pipe with high purity sodium and better cleaning methods for long life space nuclear application for NASA. Multiple mesh wick material was used for better transport of liquid sodium from the condenser to the evaporator. This helped in avoiding evaporator burn out due to insufficient supply of sodium from the condenser region. Near isothermal conditions were achieved for 90% length of the heat pipe at 850 K for a heat input of 660 W. Lee and Lee (2001) tested sodium heat pipe for higher heat inputs up to 5 kW. In this investigation, a sodium heat pipe which is operating between 500°C and 1000°C has been fabricated and its performance tests were carried out in a room under free convection conditions around the condenser zone of the heat pipe. It was observed that transport capacity depends strongly on the working fluid and its temperature. They concluded that the heat transport capability of this heat pipe largely depends on vapour core region and the wick composition. They also found that for effective startup, the surface temperature of the heat pipe must be higher than the transition temperature of the working fluid. Near isothermal conditions were achieved but after long hours of start up as the condenser was exposed to air. Rosenfeld et al. (2004) gave an overview of the sodium heat pipe performance for long durations. Four heat pipes were tested with various wick materials for high heat input of more than 4kW for long durations. These life test results collectively have demonstrated the potential for high temperature heat pipes to serve as reliable energy conversion system components for power applications that require long operating lifetime with high reliability. Degradation of performance in the heat pipe was observed which was due to welding crack after 1150 hours of operation. With the ability of the sodium heat pipes to perform for long hours, Mullet (2008) designed sodium heat pipe for fastspectrum heat pipe reactor, called the Heat Pipe-Encapsulated Nuclear Heat Source (HP-ENHS), which utilizes sodium heat pipes to remove heat from a solid molybdenum reactor core fueled by Uranium and Plutonium Nitride. The focus was on the ability of the heat pipe to remove heat effectively using a model that predicts the maximum throughput based on capillary limits. Sabharwall et al. (2008) studied thermosyphon heat pipe and gave the theoretical design of thermosyphon.
Yan and Duan (2010) gave a detailed procedure for fabricating sodium heat pipe. Mochzuki et al. (2011) gave a proposal on the need of the heat pipe for cooling a nuclear reactor. This proposal came after the natural disaster of earth quake and Tsunami which have caused serious potential nuclear reactor melt down in Fukushima, Japan. The heat pipe cooling system proposed was passive and was applicable to Boiling Water Reactor (BWR), Pressurized Water Reactor (PWR) and Fast Breeder Reactor (FBR).
El-Genk and Tournier (2011) confirmed that the startup of alkali metal heat pipes from a frozen state is practically possible and safe, though the input power should be kept sufficiently low until the working fluid is fully thawed and the vapour flow along the heat pipe transitions to the continuum regime. The very low vapour pressures of alkali metals prolong the startup time of the heat pipes to many hours. However, this time could be shortened by adding a small amount of noble gases and increasing the length of the condenser section to accommodate these gases during steady-state operation. Mireles and Houts (2011) studied the influence of extreme condenser cooling conditions on the thermal stability of an operating heat pipe by conducting series of experimental demonstrations where a heat pipe operating at neat prototypic conditions experienced rapid cooling of the condenser. The condenser section of a stainless steel sodium heat pipe was enclosed within a heat exchanger. The heat pipe -heat exchanger assembly was housed within a vacuum chamber held at a pressure of 50 torr of Helium. After the heat pipe achieved steady state condition, high flow of gaseous Nitrogen was passed through the heat exchanger for rapid cooling.
The facts and figures reported in the literature related to sodium heat pipes are taken into consideration while defining the objectives of the present work. It is seen from the literature that the performance of sodium heat pipe greatly depends on the properties of the wick material. Hence in the present work, an experimental investigation is conducted to study the performance of high temperature sodium heat pipe with different wick structures. The operating limits of the heat pipe for annular wick and composite wick are evaluated and the effective working region of the heat pipe is identified. The experiments are conducted for annular and composite wick structure, different heat inputs, fill ratio and orientation. The performance of the heat pipe is determined and analyzed in terms of its frozen startup time and thermal resistance.
FROZEN START-UP PROCESS IN SODIUM HEAT PIPE
The start-up process for sodium heat pipes from the frozen state has been experimentally investigated by Deverall et al. (1975) , and Ivanovskii et al. (1982) . Vapour temperatures measured by Ivanovskii et al. (1982) and Faghri et al. (1991) indicated that the different flow regimes exist in the vapour space. The start-up process is a very important phenomenon also complicated, as it involves phase change of the working fluid. Initially the working fluid is in the solid state and the vapour density is very low. So, free molecular flow condition prevails in vapour core area. As the input heat flux to evaporator section is increased, evaporator temperature starts to increase. Thus the working fluid in this region starts to melt but the heat transported to adjacent section of evaporator by axial conduction process through heat pipe wall is very slow as the thermal conductivity of the steel is low. Also the heat transported by the vapour is almost negligible. Because of this, there exists a large temperature gradient between the evaporator and the condenser section of the heat pipe.
On continues addition of heat flux to the evaporator, the working fluid in this region will melt from frozen state and starts to evaporate in liquid -vapour interface. By this, the vapour density increases and the molecular free mean flow become small and continuum flow regime are established. But in cold vapour region of the condenser section, free molecular flow regime exists.
As the pressure gradient between the evaporator and condenser section is increased, the vapour flows into the continuum flow region of the condenser section. The heat transport is by latent heat of the working fluid. As the working fluid moves towards the condenser region, the temperature gradient decreases and the heat is transported from the evaporator section to the condenser section.
EVALUATION OF EFFECTIVE PORE RADIUS, PERMEABILITY AND EFFECTIVE THERMAL CONDUCTIVITY OF THE WICKS
The performance of the heat pipe depends on the properties of wick like porosity, permeability and effective thermal conductivity. In the present work, these properties of the composite and annular wick are evaluated and tabulated in table 1.
For composite wick
Porosity is given by
Wick permeability is evaluated using the equation
Effective radius or capillary radius is given by r c = r eff = Effective thermal conductivity is
For annular wick
Porosity of the annular wick is evaluated using equation (1). Wick permeability for annular wick is given by = fR e is read from the graph (Faghri, 1995) . Effective radius or capillary radius of annular wick is the annular gap between the wall and the wick. The effective thermal conductivity of the annular wick is the liquid thermal conductivity at the specified temperature. The wick properties thus evaluated are tabulated in table 1. The performance limits of the heat pipe are estimated with the help of these tabulated values and are presented in the next section.
(3)
PERFORMANCE LIMITS
Heat pipes undergo various heat transfer limitations depending on the working fluid, the wick structure, the dimensions of the heat pipe and the heat pipe operational temperature. Some of the important heat transfer limits of the sodium heat pipe are evaluated in the present work and listed at the end of this section.
Capillary Limit
The capillary limit relates to the fundamental phenomenon governing heat pipe operation which is the development of capillary pressure differences across the liquid-vapor interfaces in the evaporator and condenser. When the driving capillary pressure is insufficient to provide adequate liquid flow from the condenser to the evaporator, dry out of the evaporator wick will occur. Generally, the capillary limit is the primary maximum heat transport limitation of a heat pipe and is given by
Sonic Limit
The sonic limit is due to the fact that at low vapour densities, the corresponding mass flow rate in the heat pipe may result in very high vapour velocities and the occurrence of chocked flow in the vapour passage may be possible. The sonic limit is evaluated by using the relation = ( )
Viscous Limit
The viscous limit occurs at low operating temperatures, where the saturation vapour pressure may be of the same order of magnitude as the pressure drop required to drive the vapour flow in the heat pipe. This results in an insufficient pressure available to drive the vapour. The viscous limit is sometimes called the vapour pressure limit and is given by 
Entrainment Limit
The entrainment limit refers to the case of high shear forces developed as the vapour passes in the counter flow direction over the liquid saturated wick, where the liquid may be entrained by the vapour and returned to the condenser. This results in insufficient liquid flow to the wick structure. The Entrainment limit is given by = .
(9)
In the present work, annular and composite wicks are considered for the sodium heat pipe and hence the above limits are evaluated to find the operating region of the sodium heat pipe for annular and composite wick structures.
The performance limits for annular and composite wick heat pipe are plotted as shown in Figs. 1 and 2 , respectively. The effective working region of the sodium heat pipe is thus identified from Figs. 1 and 2 for annular and composite wick heat pipes respectively. 
FABRICATION OF STAINLESS STEEL SODIUM HEAT PIPE
The stainless steel material of SS-316 grade of 10 mm OD and 1 m length is used as the container of the present sodium heat pipe. Two wraps of 60 mesh and one wrap of 150 mesh are used to make composite wick and one wrap of 150 mesh is used to make annular wick. Also four 0.3mm OD stainless steel rods are inserted to get a uniform annular space as shown in Fig. 3 .
Fig. 3
Cross Sectional view of annular and composite wick sodium heat pipe
The steps followed in the fabrication of the sodium heat pipe are given in Fig. 4 .The stainless steel mesh with selected mesh size is rolled to the required dimensions. To get good strength and retain its circular shape, the leading edge of the rolled mesh is spot welded. This forms the wick. The chemical cleaning process both prickling and passivation are carried out in order to ensure cleanliness of the material. Then the wick is inserted into the container. The valve and end cap is welded on each of the container. The heat pipe is evacuated to 10 -6 mbar. After maintaining the vacuum level of 10 -6 mbar in the pipe, the empty weight of the pipe with valve is measured. Pipe is fitted to canister with required amount of sodium in it. The canister, heat pipe and the pipe line is heated to about 250ºC and is maintained at that temperature for 15 minutes.
Fig. 4 Fabrication process Flow chart
The sodium is now in liquid form and hence can easily be charged. The canister valve and the heat pipe valve are opened and the valve connected to vacuum line is closed. The sodium is pressurized slightly by argon from the top of the canister for easy flow of the liquid sodium in to the heat pipe. Heaters are switched off after charging and the heat pipe is allowed to cool down gradually. The heat pipe valve and the canister valve are closed and heat pipe is removed from the canister. Heat pipe is weighed to know the exact amount of sodium charged.
Then the entire heat pipe is heated up to 600ºC using ceramic heater. The heat pipe is kept vertical and this process is continued for 48 hours. Then the heater is switched off and the heat pipe is allowed to cool down gradually. Again the heat pipe is evacuated to 10 -6 mbar to remove any non-condensable gases like argon which was present during charging.
EXPERIMENTAL PROCEDURE
In the experimentation, stainless steel (SS-316) tube of 1 m length with 8 mm inside diameter and 1mm thickness were employed, with sodium as the working fluid. The working part of the heat pipe consists of evaporator section of 300 mm length, adiabatic section of 400 mm length and condenser section of 300 mm length. Eight K type thermocouples are spot welded to the required positions of the heat pipe as shown in Fig. 5 to measure the temperature distribution.
The adiabatic section of the heat pipe is surrounded by 50 mm thick glass wool as thermal insulation. A personal computer and data logger were used to record the measured temperature readings. As a source of heat, a 1.5 kW ceramic heater of 300 mm length is used to give heat input to the evaporator section of the heat pipe. The accuracy of controlling the heat input was ±5%. Heat input was measured using digital multi-meter. The condenser section of the heat pipe was left open to the atmosphere. The Experimental setup of the heat pipe is shown in Figs. 6 and 7 . The steps followed in the experimentation are as follows:
1. The heat pipe along with thermocouple setup is positioned inside the heater. 2. The thermocouples are connected to the data logger. 3. The adiabatic region is insulated using glass wool and the condenser region is left free to the atmosphere. 4. The heat input to the evaporator is controlled using dimmer stat. 5. The heat input is supplied to the evaporator section of the heat pipe. 6. The different temperatures are measured using data logger with a time interval of ten minutes. 7. The transient experiments are repeated with these steps for different fill ratio, orientation, heat input and the wick structure. Fig. 8 shows the variation of temperature at different zones of annular wick heat pipe with respect to time at 350 W heat input. One can observe a temperature difference of 500°C between the condenser and the evaporator region at 350 W heat input. This large difference in temperature between the three zones is due to the fact that the heat input given to the evaporator region is insufficient. So the time taken by the condensed fluid to evaporate in the evaporator region and to create required pressure difference between evaporator region and condenser region is more. So one can observe continues unsustained shoot-up in the heat pipe temperature. Also there is large temperature difference of 500°C and 700°C between the condenser and the evaporator section of heat pipe at a heat input of 450W and 600W as shown in Fig. 9 . This large difference in temperature between the three zones is due to the fact that the fluid is not flowing back to the evaporator region which indicates that there is an insufficient capillary pumping. Figure 10 shows the temperature variations with respect to time for composite wick heat pipe at 350 W heat input. From Fig. 10 , it can be seen that there is a large temperature difference of 750°C between the condenser and the evaporator region. This is because the heat input given to the evaporator region is insufficient and this takes more time to evaporate the condensed fluid in the evaporator region. Figure 11 shows the difference between evaporator and condenser temperature variations with respect to time for composite wick heat pipe at different heat input.
Composite Wick Heat Pipe
The temperature difference at 600 W heat input is low when compared to other heat inputs considered which indicates that there is a smooth flow of the working fluid and proper heat transfer in the heat pipe. Figure 12 illustrates the temperature difference between the evaporator and the condenser region with respect to time at a heat input of 600 W for annular and composite wick heat pipes. There is a steady raise in the temperature difference curve profile up to a time period of 75 minutes. This indicates the change in flow regime from molecular free flow regime to continuum flow regime. Also this indicates that the working fluid has started to melt from its frozen state and starts to evaporate in liquid-vapour interface. By this, the vapour density increases. After a time period of 75minutes, it is seen that the temperature difference curve starts to come down gradually. At the same time, the flow regime in the vapour core space gradually changes from molecular free flow regime to continuum flow regime. In this region, it is observed that the temperature difference between the evaporator and the condenser is less in case of composite wick heat pipe compared to the annular wick heat pipe.
Effect of Wick Structure on Thermal Resistance
The thermal resistance of the heat pipe is given by = If the temperature difference between the condenser and the evaporator is less, then the thermal resistance is also less and hence better will be the heat transfer performance of the heat pipe .
Fig. 13
Thermal Resistance of annular and composite wick Heat Pipe at different heat input Fig. 13 shows the variation of thermal resistance at different heat inputs for annular and composite wick heat pipe at steady state. From Fig. 13 it is clear that the thermal resistance of the composite wick heat pipe is least at all heat inputs considered when compared to the annular wick heat pipe except for 350 W.
Frozen Startup Time for different Wick Structures
The frozen startup time indicates the time in which the required pressure difference inside the heat pipe is achieved because of which the sodium vapour starts to move towards the condenser region and carrying latent heat of evaporation along with it. Fig. 14 shows the time taken for frozen startup for annular and composite wick heat pipes at different heat inputs. One can see that the startup time required by composite wick heat pipe is less when compared to annular wick heat pipe. This indicates that composite wick sodium heat pipe could attain mere isothermal condition in shorter time period. Fig. 15 shows the temperature variations of composite wick heat pipe at various locations with respect to time for 40% fill ratio. The heat input of 600 W is provided at the evaporator end. From Fig. 15 it is observed that the wall temperature at the evaporator section of the heat pipe rises at much faster rate when compared to the adiabatic section. This indicates that the sodium is melting from frozen state and starts to evaporate from liquid-vapour interface. This leads to increase of vapour density in the evaporator section. There is a sudden shoot up in the adiabatic temperature and this shoot up is due to increase in the vapour pressure of sodium from 0.5 mbar at 400ºC to 100 mbar at 700ºC. Also, the second shoot up in temperature can be seen in the condenser section. The sudden raise in temperature indicates the initiation of frozen startup process in the heat pipe.
In the present work, experiments are conducted on sodium heat pipe at fill ratios of 30%, 36% and 40%. At the steady state condition, it is observed that the temperature difference between the evaporator region and condenser region of the composite wick heat pipe is around 130ºC for 40% fill ratio as shown in Fig. 16 . For 36% and 30% fill ratio, the temperature difference of 200ºC and 500ºC between the evaporator and condenser was observed. Hence it is found that the thermal effectiveness of the heat pipe is high at 40% fill ratio. The presence of sufficient amount of Sodium will transfer the heat from the evaporator to the condenser section at faster rate. Also the frozen startup of the heat pipe at 40% fill ratio is better when compared with other fill ratios. Fig. 17 shows the thermal resistance of the composite wick sodium heat pipe at different fill ratios. From the figure it is clear that at 40% fill ratio, heat pipe has the least thermal resistance of 0.1303 K/W when compared to the other fill ratios. As the temperature difference between the evaporator and condenser section is less at 40% fill ratio due to the smooth flow of the working fluid, the thermal resistance at 40% fill ratio is lower compared to the other fill ratios considered.
Effect of Fill Ratio on Thermal Resistance

Fig. 17
Thermal Resistance of Heat Pipe at different Fill Ratio Fig. 18 shows the time taken for frozen start up for composite wick heat pipe at different fill ratios. One can see that the startup time required by composite wick heat pipe at 40% fill ratio is less when compared to other fill ratios considered in the study. This is because of the reason that the required pressure difference between evaporator section and condenser section is created at much faster rate by which the vapour shoot-up is seen much early at 40% fill ratio compared to other fill ratios. Fig. 19 illustrates the temperature variations of evaporator, adiabatic and condenser region with respect to time at an orientation of the composite wick heat pipe equal to 30 0 . Heat input of 600W is provided at the evaporator end. At 40 minutes from the starting of experimentation, there is a sudden raise in the adiabatic temperature. The temperature shoots up from 143ºC to 711ºC in the next 20 minutes. This shoot up is due to increase in vapour pressure of sodium from 0.5 mbar at 400ºC to 100 mbar at 700ºC. Also the second shoot up in temperature can be seen at a time period of 60 minutes from the starting of experimentation in the condenser section from 102ºC to 606ºC in 30 minutes duration. The sudden raise in temperature indicates the initiation of frozen startup process of the heat pipe. It also indicates the end of free molecular flow regime and the continuum flow regime being established in the vapour space. During the shoot up, the evaporator temperature steadily drops while the adiabatic and condenser temperature steadily rises. After 265 minutes time period, a steady state condition is achieved and the evaporator temperature reaches 946ºC while the adiabatic and the condenser temperature reaches 919ºC and 872ºC resulting in 74ºC temperature gradient between the evaporator and condenser section. Figure 20 illustrates the temperature difference between evaporator and condenser region of composite wick sodium heat pipe for different orientations. From Fig. 20 it is clear that there is a steady raise in the temperature difference curve up to a time period of 50 minutes. This indicates that the working fluid has started to melt from its frozen state and starts to evaporate in liquid-vapour interface. By this the vapour density increases. The peak point in the curve indicates the startup of the heat pipe and this marks the change in flow regime from molecular free flow regime to continuum flow regime. After this, the temperature difference curve starts to come down gradually. At the same time, the flow regime in the vapour core space gradually changes from molecular free flow regime to continuum flow regime. After the steady state is reached, the temperature difference been the evaporator and the condenser section at 30º orientation was found to be 70ºC which is the least when compared to other orientations considered in the study. The heat transfer performance of the present composite wick sodium heat pipe is thus found to be better at 30 0 orientation. Figure 21 shows the comparison of the thermal resistance of composite wick sodium heat pipe at different orientations. If the temperature difference between the condenser and the evaporator is less, then the thermal resistance is also less and hence better will be the heat transfer rate. When compared to other orientations of sodium heat pipe, 30 0 orientation has shown least thermal resistance of 0.1233 K/W for a heat input of 600 W.
Frozen Startup Time at Different Fill Ratio
Temperature Difference between Evaporator and Condenser at different Orientations
Effect of Orientation on Thermal Resistance
Frozen Startup Time at Different Orientations
The frozen startup time signifies that the required pressure difference excites inside the heat pipe because of which the sodium vapour starts to move up towards the condenser region and carrying latent heat of evaporation. This will be dissipated at the condenser region. Fig. 22 shows the startup time of the composite wick sodium heat pipe at different orientations. When compared to other orientations the sodium heat pipe has shown better results at 30˚ orientation with 36 minutes of startup time. 
CONCLUSIONS
The following conclusions can be drawn from the present studies on sodium heat pipe: 1. In annular wick heat pipe and composite wick heat pipe at 350W heat input, the presence of un sustained shoot-up confirms that the heat input is insufficient. 2. The composite wick sodium heat pipe is found to be better than the annular wick heat pipes in terms of its lower thermal resistance and higher heat transfer co-efficient. 3. The composite wick heat pipe has good capillary action and permeability resulting in better fluid transfer in the heat pipe which has resulted in achieving near isothermal conditions. 4. Composite wick Heat pipe with 40% fill ratio shows lower temperature difference between Evaporator and Condenser and 66.86% of heat input is being transferred. 5. From the studies, it can be concluded that the composite wick Heat pipe with 40% fill ratio has performed better compared to 30% and 36% fill ratios. 6. It is found that the composite wick sodium heat pipe has performed better at 30º orientation with 70ºC temperature difference between the Evaporator and the Condenser sections. 7. The Frozen startup time of the heat pipe is found to be less in case of composite wick, at a heat input of 600 W, 40% fill ratio and at an orientation of 30°. 
Comparison of Frozen Startup Time
